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Field studies on the kinetics of toxic substances have many practical problems and exposure chamber studies would usually be more appropriate, but they are seldom possible because of the expense of the chamber experiment, and the amount of worktime which the exposed subjects must give up. In connection with exposure to carcinogenic substances, ethical considerations prevent chamber experiments even though such an exposure would be common in industry. Some of the practical problems arising in field studies because of the failure of the workers to comply strictly with the study protocol may be overcome by using suitable theoretical models which can be estimated from and tested even with somewhat scarce and imperfect data. We present a mathematical approach for assessing the biological half-times of urinary chromium and nickel and plasma nickel in connection with occupational exposure to these substances.
Materials and methods
As this study is based on the data of two previous detailed studies,' 2 the study design and the methods of chemical analyses are described only briefly.
CHROMIUM
The urinary excretion of chromium was studied in a group of six male welders (mean age 27-5 years, range 21-34). Five of them welded high alloy Cr-Ni steel and one mild steel only (compeer person). In the present study only the four most exposed subjects were included. Air and urine samples were collected during one work-week. The urine samples were collected at 0700, 1100, and 1600 every working day of the week. Air samples were collected with personal samplers each morning and afternoon from Monday to Friday inclusive so that the sampling time covered the whole work period.
Urinary chromium analyses were performed with electrothermal atomic absorption spectrophotometry (AAS), and the results were calculated per gram of excreted creatinine. The water-soluble fraction of the welding fume was analysed by both the AAS and s-diphenylcarbazide method which gave identical results within the analytical error of the two procedures indicating that the water-soluble chromium compounds were mostly hexavalent. The precision of the AAS analyses was about 5-10% expressed as a relative standard deviation of duplicate determinations.
NICKEL
Urinary and plasma nickel concentrations were studied in a group of four electroplaters exposed to water-soluble nickel sulphate and chloride. Three of the subjects were male (aged 29-30) and one female (subject C, aged 43). One store worker served as a compeer. Only the results for the exposed subjects are presented here. Air, urine, and plasma samples 285 were collected during one work-week immediately after the workers' summer vacation. The urine and plasma samples were taken at 0700 and 1600 each day of the week. Air samples were collected with personal samplers from Monday to Friday inclusive so that the sampling time covered the whole work period. Analyses of both the air and biological samples were performed with AAS; urinary values were corrected to a specific weight of 1 018.
THEORETICAL BACKGROUND
The uptake, distribution, and excretion of pollutants during an inhalation exposure involve dynamic processes. Figure 1 shows the basic configuration for the general dynamic system. The actual phenomena 
in which m = amount of the metal in the body, d/dt = time differential, k2 = scaling constant, x(t) = uptake rate, and y(t) = excretion rate.
Tossavainen, Nurminen, Mutanen, and Tola It should be noted that the dimensions of k1 and k2 are different and dependant on the x(t) or y(t) definitions.
In the work-place the exposure or input x(t) can be described as a series of consecutive doses. Mathematically, the time-varying concentration of the airborne pollutant is composed of a sum of step functions {u-i(t) = 0, for t < 0 u-i(t) = 1, for t > 0. (2) is included, the Laplace-transformed version of the equation (3) is 5 The former belongs to the family of gradient methods, the latter is a simple search method. In case of "well-behaved" models the choice is usually made in favour of the DFP method. For our model function, however, the computation of the derivatives needed in the DFP method was a slower process than operating with changes in the function value using the HJ-algorithm. We thus applied the HJ method more frequently because it converged to the optimum point more rapidly in most runs than the DFP method.
Many different starting points were tried to ensure that the true minimum was found. These algorithms comprise one program modulus of the SURVO 76 statistical data processing system.6 They also provided estimates of the standard deviations (SD) of the model parameters. These approximate SDs were used to test the difference in the mean values of the parameters between two individuals in a standard t-test fashion.
The main measures used to assess the goodness-offit of the constructed models were: (1) the square of the multiple correlation coefficient (R2-that is, the sum of squares due to regression divided by the total sum of squares); and (2) the coefficient of variation (CVe-that is, the residual standard error expressed as a percentage of the mean concentration). As criterion values for an acceptable fit we used R2 > 80% and CVe < 20 %. In addition, we examined the pattern of residuals plotted against the measured concentrations and in time sequence.
Results
An example from our model fitting is displayed graphically in fig 3, from 15 to 41 hours for chromium in urine, 17 to 39 hours for nickel in urine, and from 20 to 34 hours for nickel in plasma. The differences between these extreme T1/2 values were all statistically significant.
Discussion
Our point of departure in fitting a mathematical function to describe the observed data on nickel and chromium concentrations was the kinetic theory (model). An easier but, in our view, less fruitful approach would have been to fit a simple polynomial to describe the concentrations of these metals in a short period, say during a work-day. One advantage of the more complex function is that it allows a comprehensive description of a person's state of exposure as affected by varying uptake rates and urinary excretion. The consideration of all data points simultaneously has the added benefit of yielding more stable estimates of the model parameters. In other words we obtain more accurate values-for example, for the half-time of the nickel concentration in urine-than if we had fitted an exponential function to the exposure periods and off-exposure periods separately and by averaging obtained a value for the parameter of interest.
Yet another merit related to basing the form of the model function to an underlying theory is the possibility to build up the mathematical model iteratively. The kinetic theory initially implied the basic exponential form of the model function. Feedback from the applied model could modify or improve the theory. The implementation of new sources of variability, however, such as different perfusion rates and apparent volumes of distribution, would then necessitate the introduction of other parameters into the model. The use of Laplace transformation is a powerful and versatile tool for the derivation of the input-output relations, even if the simpler cases of transfer functions could directly be solved in the time domain. Our model was based on the assumption of one-compartment kinetics, which was known to be an oversimplification. A three-compartment model has been suggested for trivalent chromium,7 8 and Franchini et al9 have shown that the chromium clearance is dependent on the exposure level or body burden of the metal. The small number of observations compelled us to use the one-compartment model in practice but we also wanted to apply in the model construction the principle of parsimony. This means that as few parameters as possible should be included in the model function. We used two (model I) or three (model II) parameters to describe 10 observations for nickel and 15 for chromium (appendices I-V). We also tried a model in which the baseline concentration parameter was replaced by an estimated optimum one which liberated the fitted "sawbl1de-like" concentration function from passing through the first measured point. This added flexibility of the model function improved the goodness-of-fit considerably (on the average 10% in R2) for some workers. The reason for consideration of taking up this parameter was purely statistical: an exceptionally low Monday morning concentration (fig 3) forces the fitted function to start its track so much below the average observed concentration level that the principal deterministic behaviour of the function is not capable of adjusting to the observed course, and consequently the sum of squares criterion becomes large. We thought, however, that the accommodation of all three different free parameters in the model at the same time would require more observations to warrant their presence in the function.
Finally, it is perhaps pertinent to note that simple correlation and regression analyses are not mathematically appropriate methods to analyse these data because of the correlated nature of the observations. As compared to simple regression analysis, the present method provides the advantages of, firstly, being mathematically correct and, secondly, giving more information. As a practical advantage, the model allows the collection of biological samples at different points in time-no rigid sampling scheme is needed-only the time of sampling has to be known. The model may further be improved-for instance, to include simultaneous measurements of concentrations of air, plasma, and urine. Exposure, urinary, and plasma concentrations of the compeer person were less than 0 01 mg/mr air, 10 iAg/l urine, and 2 ,ug/l plasma.
